hepatotropic virus exclusively replicates in the cytoplasm of hepatocytes, where pregenomic RNA (pgRNA) is selectively encapsidated together with the viral polymerase (Pol) into HBV nucleocapsids (3) (4) (5) . Encapsidation of pgRNA requires the recognition and binding of Pol to a stem-loop structure called epsilon (e) located at the 5´ end of the pgRNA (3) . Interaction of the e-Pol ribonucleoprotein complex inhibits viral translation and triggers capsid assembly by specific incorporation of both pgRNA and Pol into viral nucleocapsids where reverse transcription takes place to form the mature RC DNA genome (3) (4) (5) .
To date, there are only two methods for monitoring viral pgRNA encapsidation into nucleocapsids: (i) the RNase protection assay and (ii) the native agarose gel electrophoresis assay (6) (7) (8) (9) (10) (11) . Both assays require complex, laborious, and time-consuming experimental steps to purify and analyze viral RNA containing nucleocapsids. Briefly, the encapsidated pgRNA is purified from cytoplasmic nucleocapsids using either polyethylene glycol (PEG) or anti-HBV core (HBc) antibody. In order to purify viral nucleocapsids using PEG, HBV replicating cells are lysed, treated with nuclease to remove cellular DNA and RNA, and nucleocapsids are precipitated by PEG. Alternatively, to purify nucleocapsids using antibodies, the HBV producing cells are lysed, incubated After encapsidation, where pregenomic RNA (pgRNA) is packaged into viral nucleocapsids, hepatitis B virus (HBV) uses the pgRNA as a template to replicate its DNA genome by reverse transcription. To date, there are only two encapsidation detection methods for evaluating the amount of pgRNA packaged into nucleocapsids: (i) the RNase protection assay and (ii) the native agarose gel electrophoresis assay. However, these methods are complex and laborious because they require multiple pgRNA purification steps followed by detection via an isotope-labeled probe. Moreover, both assays are unsuitable for evaluating a large number of antiviral agents in a dose-dependent manner. To overcome these limitations, we devised a novel HBV encapsidation assay in a 96-well plate format using nucleocapsid capture plates coated with an anti-HBV core (HBc) antibody, usually employed in enzyme-linked immunosorbent assays, to immobilize viral nucleocapsids. Viral pgRNA is then detected by quantitative RT-PCR (RT-qPCR). This strategy allows fast, convenient, and quantitative analysis of multiple viral RNA samples to evaluate encapsidation inhibitors. Furthermore, our protocol is potentially suitable for high-throughput screening (HTS) of compounds targeting HBV pgRNA encapsidation.
Development of a novel hepatitis B virus encapsidation detection assay by viral nucleocapsid-captured quantitative RT-PCR

Reports
METHOD SUMMARY
Here we present a novel encapsidation assay for hepatitis B virus (HBV), employing quantitative RT-PCR (RT-qPCR) of viral pregenomic RNA (pgRNA) isolated from nucleocapsids captured by an anti-HBV core (HBc) antibody. This technique, which supports a 96-well plate format, allows the evaluation of a large number of antiviral compounds in a dose-dependent manner in parallel and is potentially compatible with high-throughput screening.
with anti-HBc antibody, and viral nucleocapsids are enriched by protein G. Afterwards, the viral pgRNA inside nucleocapsids prepared by either the PEG or anti-HBc antibody methods is extracted via acid guanidinium thiocyanate-phenol-chloroform extraction (12) . For encapsidation analysis by RNase protection assay, the extracted pgRNA is hybridized to an HBV-specific in vitrotranscribed isotope-labeled RNA probe. Following digestion with RNase A/T1, the protected pgRNA is precipitated, subjected to acrylamide gel electrophoresis, and analyzed by phosphoimaging. For encapsidation analysis employing native agarose gel electrophoresis, the collected nucleocapsids are subjected to electrophoresis and blotted to a membrane, followed by lysis of transferred nucleocapsids to expose the packaged pgRNA. In order to detect the blotted pgRNA on the membrane, in vitrotranscribed isotope-labeled probes are used for hybridization. Because of these multiple experimental steps, both encapsidation detection protocols are prone to variation and restrict the evaluation of a large number of samples in a dose-dependent manner due to multiple labor-intensive experimental steps and gel electrophoresis-based read-out. Furthermore, by using radioisotopes, occupational radiation exposure risks as well as costs for appropriate facilities and decay storage are of concern.
These limitations prompted us to develop a more convenient assay in 96-well plates, supporting the analysis of a large number of samples in a dose-dependent manner to investigate HBV pgRNA encapsidation inhibition. Here, we report the development of a novel nucleocapsid-captured quantitative RT-PCR (NCC RT-qPCR) assay. Our strategy is based on the utilization of capture plates, usually used for enzyme-linked immunosorbent assay (ELISA), to immobilize HBV nucleocapsids, followed by the detection of viral pgRNA via RT-qPCR, which requires significantly fewer experimental steps than previously reported methodologies and thus increases the number of inhibitors that can be tested simultaneously. 4 cells/well) were seeded in a 96-well plate (Greiner, Munich, Germany) and treated with compounds the following day. Every third day, cell culture medium and compounds were replaced. At 9 days posttreatment, viral pgRNA was isolated. HepG2 cells were cultured in DMEM with 10% FBS at 37°C in a 5% CO 2 incubator. The 1.3-mer HBV replicon-transfected cells were treated daily with DVR-45 for 2 days. Three days post-transfection, the cells were harvested and subjected to analysis.
Materials and methods
PEG precipitation of HBV cores containing viral pgRNA Viral pgRNA was isolated via PEG precipitation of HBV nucleocapsids as reported previously (7). HepG2.2.15 cells plated in 12 wells were lysed in 300 mL 1% NP40 buffer in TNE (10 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) and incubated for 10 min at 37°C, followed by centrifugation at 13,000 × g for 5 min at 4°C. Clarified samples were incubated with 20 U RQ1 RNase-free DNase I (Promega, Madison, WI) and 30 U micrococcal nuclease (Affymetrix, Santa Clara, CA) in the presence of 6 mM MgCl 2 and 8 mM CaCl 2 for 30 min at 37°C followed by centrifugation at 13,000 × g for 5 min at 4°C. Nucleocapsids were precipitated by 100 mL 4× PNE buffer (26% PEG 8000, 1.4 M NaCl, 40 mM EDTA) on ice for 2 h or overnight. After centrifugation at 13,000 × g for 15 min at 4°C, nucleocapsids were resuspended in TNE buffer, and the pgRNA was extracted by TRIzol reagent (Ambion, Austin, TX). Isolated pgRNA was quantified on a NanoVue spectrophotometer (GE Healthcare, Buckinghamshire, UK).
Self-made HBc capture plates and capture of HBV nucleocapsids
Polystyrene 96-well plates (Corning, New York) were coated with anti-HBc antibody by incubating with 25 mL diluted polyclonal anti-HBc antibody (4 mg/mL) (DAKO, Glostrup, Denmark) in antibody coating buffer (ImmunoChemistry Technologies LLC, Bloomington, MN). Assay plates were incubated for 1 h at room temperature, followed by incubation at 4°C overnight. The following day, wells were washed twice with 150 mL phosphate-buffered saline (PBS) including 0.5% Tween 20 (PBST). Capture plates were blocked with 150 mL 1% BSA in PBST for 1 h at room temperature, followed by washing as described above. To capture HBV nucleocapsids isolated from HepG2.2.15 cells in 96-well plates, the cells were lysed in 100 mL 1% NP40 buffer in TNE (10 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) for 10 min at 37°C. Cell lysates were transferred to V-type 96-well plates (Greiner) and subjected to centrifugation at 500 × g for 5 min at 4°C to remove nuclei and cell debris. The clarified supernatants were transferred to anti-HBc antibody-coated capture plates, placed on an orbital micro-plate shaker, and incubated for 1 h at room temperature, followed by a wash step with 150 mL PBST. In order to purify pgRNA from nucleocapsids, we employed the CellAmp Direct RNA Prep Kit (TaKaRa Bio, Shiga, Japan) and Proteinase K (TaKaRa Bio), following the manufacturer's recommendations. Briefly, the assay plate containing the captured nucleocapsids was washed with 125 mL CellAmp washing buffer and incubated in 40 mL CellAmp processing buffer including Proteinase K for 5 min at room temperature. The cell lysates were mixed well by pipetting up and down and transferred to a 96-well PCR plate, followed by incubation for 5 min at 75°C in a PCR machine to inactivate Proteinase K. The PCR plate was cooled down on ice, and 10 mL DNase solution, which contains DNase I in CellAmp processing buffer, was added. The plate was incubated for 5 min at 37°C to digest HBV DNA replicative intermediates, followed by incubation at 75°C for 5 min in the PCR machine to inactivate DNase I. The final volume of processed pgRNA per well was 50 mL.
Quantitative RT-PCR
To detect HBV pgRNA, 2 mL of the processed RNA was used as template, and RT-qPCR was performed. We employed the One Step SYBR PrimeScript RT-PCR Kit II (TaKaRa Bio) and the Chromo 4 real time PCR system (BioRad, Berkeley, CA) for detection. RT-qPCR was done following the manufacturer's instructions with HBV primers specific to pgRNA spanning nucleotides 2429-2636 (forward: 5´-CTCAATCTCGGGAATCTCAATGT-3´, reverse 5´-TGGATAAAACCTAGCAG-GCATAAT-3´) (13) . Briefly, for the reverse transcription reaction, the samples were incubated for 5 min at 42°C and then at 95°C for 10 s. For amplification by PCR, cDNA was subjected to 40 cycles of Native agarose gel analysis of nucleocapsids Native agarose gel analysis of viral nucleocapsids (core particles) was performed as described previously (7, (9) (10) (11) . HepG2 cells were transfected with a 1.3-mer HBV wild type (WT)-replicon by PEI (polyethyleneimine, MW 25,000; Polysciences, Inc., PA). Next, the transfected cells were treated with DVR-45 compound twice for 2 days. Three days post-transfection, the cells were harvested and lysed with NP40 lysis buffer. Nucleocapsids were precipitated from supernatants of transfected cells by PEG as previously described (7). Capsids were pelleted by centrifugation at 13,000 × g for 15 min, resuspended in NP40 lysis buffer, and mixed with 6× loading buffer [50% glycerol, 0.1% bromophenol blue (BPB)]. The sample was subjected to 1.2% agarose gel electrophoresis, followed by protein transfer to a PVDF membrane (Immobilon-P; Merck Millipore, Darmstadt, Germany) through capillary action in 10× SSC (1.5 M NaCl, 0.15 M sodium citrate) buffer. Nucleocapsids were detected by rabbit anti-core antibody (1:5000) (DAKO), followed by detection with anti-rabbit horseradish peroxidase-linked antibody (Amersham/ GE Healthcare, Little Chalfont, United Kingdom). To quantify encapsidated RNA, capsid-associated RNA was detected by an HBV core-specific riboprobe (5) from the same membrane following UV-crosslinking. The encapsidation ratio (%) was calculated by the following equation:
(pgRNA -background) / (nucleocapsids -background) × 100. The DMSO control encapsidation ratio was set to 100%.
Results and discussion
We devised a novel method using 96-well plates to conveniently determine HBV pgRNA encapsidation by utilizing capture plates to immobilize nucleocapsids, followed by the detection of viral pgRNA via RT-qPCR. The cell lysates prepared from HBV-replicating cells were incubated in 96-well capture plates coated with anti-HBc antibody, followed by proteinase K and DNase I treatment to degrade nucleocapsids and viral DNA, respectively. This step ensures that nucleocapsids are captured by HBc-specific antibodies, proteinase treatment digests the nucleocapsids and releases pgRNA, and the DNase treatment prevents the detection of already replicated HBV DNA genomes. The liberated viral RNA was analyzed by RT-qPCR using HBV pgRNA-specific primers and SYBR green.
To establish a novel HBV encapsidation assay with increased sample throughput, we validated our RT-qPCR protocol in 96-well plates using pgRNA (standard) prepared by PEG precipitation of nucleocapsids as reported previously (7). HBV-replicating cells plated in 12-well plates are lysed in NP40 buffer, and clarified cell lysates are treated with DNase I and micrococcal nuclease to remove intracellular DNA and RNA that is not encapsidated. Afterwards, nucleocapsids are precipitated by PEG, and pgRNA is extracted by phenol-chloroform. This pgRNA was used as a standard and analyzed by RT-qPCR using pgRNA-specific primers (13) . The pgRNA (standard) was 10-fold serially diluted starting from 100 ng and validated by a 5-point dose-response curve analysis. As shown in Figure 1A , the results suggest that RT-qPCR conditions were acceptable, as demonstrated by a PCR efficiency of 89.7%, with a coefficient of correlation (R 2 ) of 0.994 and a slope of -3.595.
To investigate whether pgRNA prepared in 96-well plates with our new protocol (sample) could be detected by RT-qPCR, we compared it to conventionally PEG-prepared pgRNA (standard) that was used as a positive control and to the negative control (no template) by amplification curve and melting curve analysis ( Figure 1B) . The amplification curve analysis demonstrated that the pgRNA purified from HepG2.2.15 cells in 96-well plates by our new method was detectable and that the amount of pgRNA sample was comparable to 1 ng of the PEG-prepared pgRNA. In contrast, the no template control did not result in any amplified PCR product ( Figure 1B) . Importantly, the melting curve analysis demonstrated that the PCR product is HBV pgRNAspecific and that primer dimers were not formed, whereas the no template control did not produce amplicons, demonstrating the HBV-specificity of our assay ( Figure 1C ). To our knowledge this is the first time that encapsidated pgRNA from HBV replicating cells has been detected in a 96-well plate format.
In order to further validate our assay, we evaluated the effect of DVR-45, a drug that was recently reported to prevent HBV assembly (8). HepG2.2.15 cells plated in a 96-well plate were treated with serially diluted DVR-45, nucleocapsids were prepared 9 days post-treatment, and RT-qPCR was carried out as described above. By doseresponse curve analysis, we determined the effective concentration (EC 50 ) to inhibit 50% HBV pgRNA encapsidation, and the cytotoxic concentration (CC 50 ) was determined in parallel using a resazurin-based assay (Figure 2A) . Importantly, our new encapsidation assay demonstrated that DVR-45 treatment reduces pgRNA levels in nucleocapsids in a dose-dependent manner without showing any cytotoxicity over the dose range employed (EC 50 2.57 mM and CC 50 > 20 mM in HepG2.2.15 cells).
In order to corroborate the inhibitory effect of DVR-45 revealed by our novel PCR-based encapsidation detection assay, we compared it with native capsid gel electrophoresis, which is still one of the most frequently applied techniques for monitoring encapsidation inhibition. Briefly, cells were transfected with 1.3-mer WT HBV DNA (6), and starting from 1 day post-transfection, cells were treated daily with serially diluted HBV encapsidation inhibitor DVR-45 and RT inhibitor lamivudine (LMV). At day 3 post-transfection, cells were harvested, capsids were precipitated, and the encapsidated pgRNA was examined as detailed above. As shown in Figure 2B , increasing the concentration of DVR-45 did not affect HBV capsid particle formation (upper panel), whereas encapsidated pgRNA decreased in a dose-dependent manner (lower panel). This result indicates that DVR-45 inhibits the viral pgRNA packaging at an EC 50 value of approximately 0.5 mM, which corroborates our data and is further substantiated by data recently reported by Campagna et al. employing Southern blotting analysis (EC 50 0.46 ± 0.38 mM and CC 50 > 50 mM) (8) . It is interesting to note that the amount of encapsidated pgRNA seems to be increased in the presence of LMV, which might be a consequence of the lack of viral RNA degradation by RNase H activity as a consequence of RT inhibition by LMV ( Figure 2B, lower panel) .
We then investigated the antiviral effect of another pgRNA encapsidation inhibitor, AT-130, a phenylpropenamide derivative that was reported to interfere with encapsidation (EC 50 2.5 mM and CC 50 > 250 mM in HepG2 cells infected by recombinant HBV-baculovirus) (14) . As expected, AT-130 also inhibited encapsidated pgRNA levels in a non-toxic and dose-dependent manner in our NCC RT-qPCR assay (EC 50 2.06 mM and CC 50 > 20 mM in HepG2.2.15 cells) ( Figure 2C ). As a negative control incapable of interfering with HBV capsid assembly, we employed LMV, an nucleoside analog that has been used for nearly 2 decades for clinical treatment of CHB with a reported EC 50 range of 0.05-0.3 mM in HepG2.2.15 cells (15, 16) . LMV was tested by 5-point dose-response curve analysis within the range of physiologically effective concentrations. As expected, no effect on encapsidation of pgRNA into HBV nucleocapsids was detectable ( Figure 2D ), substantiating that only compounds interfering with capsid assembly are active in this NCC RT-qPCR assay. Furthermore, in the presence of LMV, encapsidated pgRNA levels seem to be increased, corroborating data obtained by our native capsid gel electrophoresis analysis shown in Figure 2B .
As demonstrated here, we successfully developed a novel HBV encapsidation assay by using capture plates, usually used for ELISA, to immobilize HBV nucleocapsids in order to detect encapsidated pgRNA via RT-qPCR. We produced nucleocapsid capture plates by immobilizing anti-HBc antibody in 96-well plates, which were then used to capture HBV pgRNA-containing nucleocapsids that were liberated by proteinase K treatment. Subsequently, pgRNA-specific RT-qPCR was performed in a 96-well plate. We validated this novel NCC RT-qPCR assay with encapsidated pgRNA isolated by PEG and with recently reported encapsidation inhibitors (DVR-45 and AT-130) in stably HBV-replicating HepG2.2.15 cells. In addition, we corroborated our NCC RT-qPCR assay data with results obtained by native agarose gel electrophoresis analysis. One hallmark of the NCC RT-qPCR assay is its simplicity of pgRNA sample processing and detection by PCR, overcoming the limitations of encapsidation analysis by RNase protection or native agarose gel assays, which are unable to handle a large number of samples in parallel. Furthermore, the NCC RT-qPCR assay supports the quantitative analysis of encapsidation inhibition by dose-response curve analysis to precisely evaluate antiviral efficacy. With the newly discovered role of sodium taurocholate cotransporting polypeptide (NTCP) as an entry receptor for HBV, this infectious cell culture system will open new avenues for drug discovery (17) . Using this system for target-free screening campaigns, target identification and hit characterization studies employing sophisticated secondary assays are required. Our pgRNA encapsidation assay requires significantly fewer experimental steps than other encapsidation assays, (e.g., no gel electrophoresis, membrane transfer, preparation of riboprobes, hybridization, etc.), consequently reducing assay variation. Accordingly, this assay is convenient for triaging inhibitors identified by screens using HBV-replicating cells. In addition, our assay is potentially suitable for highthroughput screening (HTS) with further development. In order to develop an assay that suits HTS requirements, assay robustness and reproducibility have to be determined by evaluating inter-and intraplate variation. Furthermore, the assay has to be adapted to automation (e.g., cell plating, liquid handling, read-out, analysis, etc.), enabling the handling of a high number of assay plates. Concerning potential drugs interfering with encapsidation of pgRNA into HBV capsids, if these are combined with RT inhibitors, encapsidation inhibitors could add value to existing therapies by reducing the emergence of viral drug resistance and potentially might cure CHB by preventing the re-import of HBV genomes into the host's nuclei, thereby abolishing the replenishment of viral covalently closed circular DNA (cccDNA) pools.
In summary, we developed a HBV pgRNA encapsidation assay without using radioisotopes that is safer and cheaper than previously described methods. Additionally, our NCC RT-qPCR assay supports the rapid and quantitative analysis of multiple samples in parallel and opens avenues for identifying and characterizing novel HBV inhibitors. 
